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We demonstrate how weak hybridization can lead to apparent heavy doping of 2d materials
even in case of physisorptive binding. Combining ab-intio calculations and a generic model we
show that strong reshaping of Fermi surfaces and changes in Fermi volumes on the order of several
10% can arise without actual charge transfer. This pseudodoping mechanism is very generically
effective in metallic 2d materials either weakly absored to metallic substrates or embedded in vertical
heterostructures. It can explain strong apparent doping of TaS2 on Au (111) observed in recent
experiments. Consequences of pseudodoping for many-body instabilities are discussed.
I. INTRODUCTION
Two-dimensional electron systems host highly intrigu-
ing many-electron states including competing super-
conducting, nematic, magnetic, excitonic or charge or-
dered phases and can be controlled down to monolayer
thickness1–7. Generally, the phase diagrams of these
materials depend on carrier concentrations and doping
can strongly affect their electronic properties. There is
however a problem in many systems: Changes to elec-
tronic states (e.g. switching from a Mott insulator to a
superconductor5,8) typically require electron or hole dop-
ing on the order of a few 10% of an electron or hole per
unit cell2,3,5,7. This translates into into carrier concen-
trations & 1014 cm−2 which are out of reach for gating
in standard field effect transistor geometries but require
ionic liquids or chemical means like atom substitution,
intercalation of alkali atoms etc.. I.e. doping at this level
is potentially related with severe chemical changes of the
material or substational disorder.
In this paper, we discuss an alternative doping mecha-
nism illustrated in Fig. 1. We show that hybridization of
metallic 2d materials and substrates can provide effective
carrier doping of more than 10% of an electron or hole
per unit cell even in the case of weak physisorption. We
explain how changes in Fermi volumes can arise without
actual charge transfer between substrate and 2d material.
We illustrate the order of magnitude of this effect with
the real material example of TaS2 supported by Au and
Pb metal surfaces. Afterwards the generic ”pseudodop-
ing” mechanism is explained within a simple two-band
model and a self-energy formalism, which we use to dis-
ucss the impact of peudodoping on possible electronic
phases. We argue that the recently observed strong dop-
ing of TaS2 on Au (111)
9 is indeed largely hybridization
induced.
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FIG. 1: Coupling between a 2d material like TaS2 and a metal
substrate. (a) Structure of TaS2 on Pb (111). Adsorption
on the metal surface leads to hybridization V between the
electronic bands of the surface and the 2d material. As a
consequence, there is an admixture of surface derived orbitals
(gray) to the TaS2 states (purple) and level repulsion between
the hybridizing bands illustrated in (b). The level repulsion
leads to apparent hole-doping of the upper (surface derived)
and electron doping of the lower (TaS2 derived) band.
II. REALISTIC MATERIALS AND
SUBSTRATES
We start with the example of a monolayer 1H-TaS2
absorbed to the (111) surfaces of Pb and Au. From their
interaction with graphene both Pb (111) and Au (111)
are known as weakly coupling surfaces10–12, i.e. the ad-
sorption heights of graphene on these substrates exceed
3A˚ which is indicative of van der Waals binding.
To study the interaction of 1H-TaS2 with these sur-
faces we performed density functional calculations. (See
methods section for computational details.) Under 5%
of compressive strain the Pb (111) surface matches the
primitive unit cell of 1H-TaS2. A comparison of the band
structures of 1H-TaS2 on Pb (111) and a free stand-
ing monolayer of 1H-TaS2 is shown in Fig. 2a. The
bands with sizeable Ta-d weight in the adsorbed mono-
layer roughly follow the dispersion of free standing TaS2
in most parts of the Brillouin path. This is understand-
able given the adsorption height (i.e. the height of the
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FIG. 2: Band structures and density of states of single layer
1H-TaS2 on the Pb (111) (a) and the Au (111) surface (b).
In the band structures (left panels) of the adsorbed system
(red) the thickness of the lines quantifies the Ta-d weight of
the respective bands. The band structure of free standing
monolayer 1H-TaS2 is shown in both cases in black. The
corresponding density of states projected on the Ta-d orbitals
are shown in the right panels. All energies are given relative
to the Fermi level EF = 0.
lowest S atoms above the upmost Pb atoms) of 2.86 A˚ ,
which is indicative of physisorbptive coupling between
TaS2 and its substrate.
There are however several details in which the disper-
sion of the adsorbed and free standing material differ
from each other. In several parts of the Brillouin zone
the TaS2 derived band on Pb (111) is shifted with re-
spect to the corresponding band of free standing TaS2.
This shift amounts to & −0.15 eV for most parts of the
TaS2 dispersion below the Fermi level EF ≡ 0 and trans-
lates via the density of states (DOS) ρ(EF ) ≈ 2 eV−1
into an apparent doping on the order of 0.3 electrons per
TaS2 unit cell. Considering however also the unoccupied
part of the TaS2 derived bands shows that the shift rel-
ative to the free standing is strongly k-dependent, as is
typical for hybridization effects. The avoided crossings in
the Γ-M and Γ-K direction further substatiate that there
is indeed significant hybridization between the Pb (111)
surface bands and the states derived from the TaS2 layer.
A similar picture also emerges for TaS2 absorbed to Au
(111). Fig. 2b shows the band structure of
√
3×√3 R30◦
TaS2 supercell absorbed to a 2 × 2 supercell of the Au
(111) surface, where Au has been laterally compressed
by 0.5 %. Again, the TaS2 derived bands on the surface
follow roughly the (backfolded) band structure of free
standing TaS2 with major deviations between the two
being several avoided crossings and k-dependent shifts
in the surface band structure. The occupied part of
the TaS2 derived conduction band is shifted by approxi-
mately −0.1 eV relative to the corresponding band in free
standing TaS2 which is in agreement with the photoemis-
sion experiments reported in9 and formally amounts to a
doping level of 0.2 electrons per unit cell. Such a doping
level is quite unexpected given that Au is rather inert.
Indeed, in the case of graphene doping levels on the order
of several 0.1e− per unit cell are achieved e.g. by alkali
intercalation but clearly not by adsorption on surfaces
like Au (111) which merely leads to charge transfer on
the order of . 0.01e− per unit cell10,11.
Charge transfer ∆N (given in electrons per unit cell)
over an effective distance d is associated with an elec-
trostatic potential difference ∆V = αd∆N , where α =
e2/0A = 18.6eV/A˚ and A = 9.7A˚
2 is the area of the
TaS2 unit cell. Even if we assume that the effective
distance between the charges in the 2d monolayer and
the substrate is d = 1A˚, i.e. much smaller than the
typical distances of ∼ 4 A˚ from the center of the TaS2
layer to the uppermost substrate atoms, a charge trans-
fer of 0.2e− as found experimentally9 and theoretically
in the case of 1H-TaS2 on Au (111) would translate into
a potential energy difference of ∆V ≈ 4 eV. Comparing
the work functions of TaS2 WTaS2 = 5.6 eV
13,Au (111)
WAu = 5.31 eV, Pb (111) WPb = 4.25 eV,
14 it is clear
that potential energy differences on the order of ∆V ≈
4 eV are unexpected. Indeed, estimates for the charge
transfer ∆N based on work function differences10,11 gen-
erally arrive at ∆N  0.1e− per unit cell. We argue
in the following that metallic 2d materials are prone to
”pseudodoping” and substrate induced changes in Fermi
volumes, which do not primarily relate to charge transfer
but rather to hybridization.
III. MODEL OF PSEUDODOPING
We consider a model involving two bands derived from
orbitals |a〉 = (1, 0) of the 2d material and |b〉 = (0, 1)
of the substrate, where we assume a (real valued) hy-
bridization V ≥ 0 and a constant offset −2∆ in the on-
site energies between the two. The resulting Hamiltonian
reads
Hˆ(k) = 0(k)1 + V σ1 −∆σ3, (1)
where we used the Pauli matrices σi and summarized all
k-dependence of the initial dispersion in k. The eigen-
states are
|−〉 = cos(ϕ)|a〉 − sin(ϕ)|b〉,
|+〉 = cos(ϕ)|b〉+ sin(ϕ)|a〉 (2)
with tan 2ϕ = V/∆ and corresponding energies
∓(k) = (k)∓
√
∆2 + V 2. (3)
3With the Fermi energy EF = 0, the ground state density
matrix reads thus
Nˆ(k) = Θ(−−(k))|−〉〈−|+ Θ(−+(k))|+〉〈+|. (4)
The central point is now to contrast the occupation of
the bands
N∓ =
∫
d2k〈∓|Nˆ(k)|∓〉 (5)
with the occupation of the orbitals
Ni =
∫
d2k〈i|Nˆ(k)|i〉,where i ∈ {a, b}. (6)
The band occupations N∓ are those measured e.g. in
angular resolved photoemission or quasi particle inter-
ference in scanning tunneling spectroscopy, while the or-
bital occupations Na and Nb manifest in core level spec-
troscopies and also determine electric fields at the inter-
face. Here, we have Na = cos
2(ϕ)N− + sin2(ϕ)N+ and
Nb = cos
2(ϕ)N+ + sin
2(ϕ)N−.
For vanishing hybridization (V = 0 ⇒ ϕ = 0) the
orbital occupancies simply coincide with the band occu-
pancies:
N0a/b = N
0
∓ =
∫ 0
−∞
d2ρ0(±∆),
where ρ0() =
∫
dkδ( − 0(k)) is the DOS associated
with the dispersion 0(k). At finite V the band fillings
become
N∓ =
∫ 0
−∞
dρ0(±
√
∆2 + V 2)
= N0∓ +
∫ 0
−∞
dρ0(±
√
∆2 + V 2)− ρ0(±∆)
≈ N0∓ ± ρ0(0)V 2/2∆ (7)
I.e. in ARPES experiments, the upper (lower) band ap-
pear hole (electron) doped by an amount of ρ0(0)V 2/2∆.
However, the occupancy of the orbital |a〉 in the 2d
layer is
Na = cos
2(ϕ)N− + sin2(ϕ)N+
≈ N0− + ρ(0)
[
V 2/(2∆) + ϕ2(−2∆)]
= N0− +O(V
3). (8)
Analogously we find Nb ≈ N0+ to second order in V . I.e.
the actual charge transfer cancels to leading order in V
while the apparent doping does not.
The example discussed so far here is clearly a spe-
cial one. In the general case, hybridization Vnk of an
electronic band from a 2d material with substrate bands
at energies nk can be captured by the self-energy (also
called hybridization function)
Σ(k, ω) =
∑
n
|Vn,k|2
ω + i0+ − nk . (9)
Re Σ(k, ω) acts like an energy-dependent potential on the
electronic states, while Im Σ(k, ω) quantifies the broad-
ening of the spectral lines. (ω denotes here the energy.)
In the weak coupling case, we can linearize the self-
energy around the Fermi level, i.e. Σ(k, ω) ≈ Σ0(k) +
ωΣ′(k) with
Σ0(k) = −
∑
n
|Vn,k|2
nk
Σ′(k) = −
∑
n
|Vn,k|2
(nk)2
. (10)
Σ0(k) appears as an k-dependent energy shift, which can
be naturally measured in ARPES. We have Σ0(k) < 0
(Σ0(k) > 0), where the substrate bands are predomi-
nantly above (below) the Fermi level. Correspondingly,
there is an apparent electron (hole) doping of the 2d ma-
terial as manifesting in a change in the band occupancy
∆N ≈ −ρ(0)Σ0(kF ), where kF is the Fermi momentum.
Assuming that Vn,k is on the order of interlayer cou-
plings in 2d materials, i.e. Vn,k . 300meV, we arrive
with |nk| ∼ 1eV at the experimentally measured Fermi
level shifts of |Σ0(k)| ∼ 100 meV.
The renormalization factor Zk = (1− ∂ωΣ(k, ω))−1 ≈
(1−Σ′(k))−1 ≈ 1−Σ′(k) gives an estimate of |a〉-orbital
spectral weight in the hybridized band originating from
the 2d material. The remaining spectral weight 1 − Zk
is carried by the substrate bands. The hybridization in-
duced change in the occupation of the orbital |a〉 is thus
∆Na ≈ −ρ(0)Σ0(kF ) + Σ′(kF )(Ns −N0a ), (11)
where Ns is the occupation of the substrate states and
we disregarded the k-dependence in Σ′(k) for simplicity.
If the substrate bands are predominantly above the band
in the 2d layer, i.e. a(k) < nk, we have Σ
0(kF ) < 0
and also Ns−N0a < 0. Analogously, we have Σ0(kF ) > 0
and Ns − N0a > 0 for a(k) > nk. Therefore, the two
summands on the right hand side of Eq. (11) carry typ-
ically an opposite sign and tend to cancel each other at
least partially. In hybrid systems consisting of a metallic
2d material on a metallic substrate, the apparent dop-
ing ∆N is thus generally stronger than the actual charge
transfer ∆Na. The same line of argumentation also ap-
plies to hybrid structures made from stacking different
2d materials on top of each other.
IV. PSEUDODOPING AND ELECTRONIC
INSTABILITIES
Interaction terms like Coulomb interactions naturally
couple localized states. In the example of a Hubbard type
interaction they are of the form
HU = U
∑
i
nˆai↑nˆ
a
i↓, (12)
4where i refers to lattice site of the electrons in the 2d
layer, σ = {↑, ↓} to their spin and naiσ are the correspond-
ing occupation number operators. U is the on-site inter-
action matrix element and can describe repulsive (U > 0)
or attractive interaction (U < 0).
We assume that the substrate states are non-
interacting and that their DOS at the Fermi level is small
as compared to the DOS of the 2d material. Then, the
admixture of the substrate states to the bands of the
2d material upon hybridization reduces the effective in-
teraction inside the hybridized band by a factor of Z2,
i.e. U → U eff = Z2U . For weak coupling instabilities
such as BCS superconductivity, characteristic transition
temperatures TC ∼ exp[−1/U effρ] are determined by the
interaction U eff and DOS at the Fermi level ρ result-
ing from the hybridized band. If the DOS of the origi-
nal 2d band is structureless, we expect simply a reduc-
tion of TC . An analogous line of argumentation holds
for weak coupling charge- or spin-density wave instabil-
ities at some wave vector Q, where the susceptibility
χ(Q) =
∫
d2k(f(k) − f(k+Q))/(k − k+Q) plays the
role of an effective density of states. Thus, hybridization
effects should quench tendencies towards weak coupling
electronic instabilities, if the DOS/ generalized suscepti-
bilities are essentially independent of the Fermi energy.
An even stronger suppression of instabilities is expected
if ρ or χ(Q) are reduced upon hybridization related pseu-
dodoping. A comparison of the DOS of 1H TaS2 on Au
(111) and in its free standing form (c.f. Fig. 2) shows
that there is indeed a reduction of ρ(EF ) upon deposi-
tion on Au. I.e. both, the reduction of effective coupling
constants and the reduced DOS, will contribute here to
the suppression of charge density wave / superconducting
states observed in Ref. 9.
If, however, hybridization shifts a strong peak in the
DOS of the 2d material’s band towards EF such that the
hybridization induced increase in ρ overcompensates the
reduction of the effective interaction by the factor Z2, we
arrive at an increase in TC .
V. CONCLUSIONS
We have shown that hybrization of metallic 2d mate-
rials with their substrates can lead to apparent doping
manifesting as shifts of bands in ARPES experiments.
This ”pseuddoping” can involve much less actual charge
transfer between the layer and its substrate than changes
in the Fermi surface would suggest. Nonetheless, instabil-
ities of the electronic system towards symmetry broken
states, particularly weak coupling instabilities, are ex-
pected to be highly sensitive to this kind of doping. The
pseudodoping mechanism outlined, here, might explain
recent ARPES experiments reporting strong doping of
TaS2 on Au (111)
9.
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VII. METHODS
We performed density function theory calculations us-
ing the Vienna Ab Initio Simulation Package (VASP)15
with the projector augmented wave basis sets16,17 and
the generalized gradient approximation to the exchange
correlation potential18. In all cases we fixed the in-plane
lattice constant of 1H-TaS2 to the experimental value of
a = 3.316A˚ 19.
The Pb (111) and the Au (111) surfaces where modeled
using slabs with at thickness of 5 atomic layers and a
single layer of 1H-TaS2 absorbed on the upper side of the
slabs (see Fig. 1a). The Au (111) slab was furthermore
terminated with H on the bottom side of the slab, i.e.
the side without TaS2 coverage. The lateral coordinates
of all atoms were kept fixed and we laterally compressed
the Pb (111) surface (Au (111) surface) by 5% (0.5%)
to match a 1 × 1 ((√3 ×√3)R30◦) unit cell of 1H-TaS2
with a 1 × 1 (2 × 2) unit cell of the metal surface. The
vertical coordinates of the Ta and S atoms were relaxed
until forces acting on them were below 0.01 eV/A˚ leading
to structures, where the closest vertical distance between
S-atoms and Pb (Au) surface atoms is 2.86 A˚ (2.86 A˚).
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